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(57) ABSTRACT

This 1invention provides a method and a device for treating
hemodynamically significant aneurysms especially 1n the
intracranial and extracranial circulation regions using either
X-ray fluoroscopy or real-time magnetic resonance (MR)
imaging guidance. An MR-visible parachute-shaped occlu-
sion device, e€.g., containing multiple elongated filamentary
loops made of a memory metal, elastomeric hydrogel or
other expansile material, 1s deployed into the aneurysm by
radial expansion of the expansile material outwardly into
contact with the interior aneurysm surface. The device is
firmly positioned against the interior aneurysm surface using
a coating which adheres to that interior aneurysm surface.
The device may be filled with a hardenable polymer for
permanent and complete aneurysm occlusion. Wide-neck
aneurysms may be treated with the same device, with the
addition of a temporary balloon expanded in the parent
vessel to allow expansion of the occluding device within the
aneurysm, 1nstillation of the polymer into the device, and
detachment of the device from the transporting catheter.
Detachment of the aneurysm occlusion device from a trans-
port catheter 1s achieved by mechanical, electrical and/or
chemical decoupling. A coating applied to the surface of the
parachute device may induce thrombotic occlusion of the
ancurysm by timed delivery of biologic modifier drugs
which promote collagen formation, fibroblast growth, and
endothelial mmgrowth within the aneurysm. The catheter
systems may have attached microcoils or may be impreg-
nated with MR-visible agents to permit visualization in MR
Imaging systems.
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DEVICE AND METHOD FOR THE
ENDOVASCULAR TREATMENT OF
ANEURYSMS

BACKGROUND OF THE INVENTION

1. Field of the Invention

This mvention relates to a device and method for endo-
vascular treatment of aneurysms, particularly cerebral aneu-
rysms. The method and device fills the volume of the
aneurysm, provides material to the locality of the treatment
which contains pharmacologically active agents, and may
use intrumentalities and materials which are visible with
magnetic resonance so that the procedure may be viewed 1n
real time with magnetic resonance 1maging systems.

2. Background of the Art

Autopsy studies have estimated that between 1.5% and
8% of the population have mtracranial ancurysms. Between
60,000 and 80,000 cerebral aneurysms are diagnosed annu-
ally in the U.S., 20,000 to 30,000 following subarachnoid
hemorrhage. The annual risk of an aneurysmal rupture is
about 2%, producing a mortality rate of 50-60%. If
untreated, 25—-35% die of recurrent hemorrhage and, if there
1s patient survival, there 1s a significant deficit 1n neurologi-
cal functions in 20-40% of the patients.

The traditional method for detecting an aneurysm and
evaluating its vascular relationships 1s cerebral angiography,
which has a morbidity rate of 1-2%. Non-mvasive angio-
ographic techniques with minimal morbidity have been devel-
oped recently. Magnetic resonance (MR) angiography
(MRA), a form of magnetic resonance imaging (MRI), and
computed tomography (CT) angiography (CTA), have dem-
onstrated very high levels of detection (60—-100%, depend-
ing upon the size of the aneurysm and the technique used).
In particular, MRI/MRA have been very effective 1in detect-
ing the asymptomatic, unruptured ancurysms. Both MRA
and CTA also might be excellent techniques for following
patients after surgical treatment. Unfortunately, the materials
used for treatment frequently degrade the image, making
evaluation of residual or recurrent aneurysm difficult or
impossible.

The traditional method of treating patients with ruptured
and unruptured cerebral ancurysms 1s surgical clipping, and
approximately 15,000 of these surgical procedures are per-
formed 1n the U.S. each year. Surgical mortality from
clipping a previously ruptured cerebral aneurysm wvaries
from 5% to 20% to, depending upon the site of the aneurysm
and the neurological condition of the patient at the time of
surgery. Surgical mortality for an unruptured aneurysm 1s

from 2% to 10%.

Because of this high surgical mortality rate, a number of
endovascular techniques have been developed to treat cere-
bral aneurysms. In 1974, Serbinenko first reported the
successiul treatment of 1ntracranial aneurysms with detach-
able balloons. Using an endovascular approach similar to an
angiogram, the balloon would be directed under fluoro-
scopic guidance to the aneurysm. If possible, the balloon
would be placed 1nside of the aneurysm, leaving the parent
artery 1ntact. If the neck of the aneurysm were too large to
entrap the balloon completely mside of the aneurysm, occlu-
sion of the parent vein or artery would have to be performed.
Large aneurysms typically required multiple balloons. Since
1974, a variety of detachable and nondetachable balloons
made of a variety of materials, especially silicone and
biocompatible polymeric latices, have been introduced.
However, most aneurysms do not have the round or elliptical
configuration of a balloon. Consequently, large aneurysms
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had to be filled with multiple balloons, leaving dead space
for continued ancurysmal filling and subsequent rupture.
The unfilled volumes could also allow for the development
of clot 1n the aneurysmal remnant, enabling embolization to
produce a stroke. Migration of a balloon from the aneurysm
into the parent artery, or to a more distal branch of the parent
system to produce a stroke, has also been reported in the
literature. The use of balloons for direct aneurysm occlusion
1s therefor no longer performed. Parent artery occlusion
using a detachable balloon 1s still a viable procedure,
although the blood flow to the hemisphere may be compro-

mised with such a procedure, producing a stroke.

Aneurysmal occlusion with microcoils 1s another endo-
vascular technique. Very soft platinum microcoils have been
developed recently, with and without fibers that induce
thrombus formation. These soft microcoils are placed
directly into an aneurysm, and the degree of occlusion is
related to the ability to pack the coil mass tightly. A new
variety of microcoil 1s the Guglielmi Detachable Coil (GDC)
(U.S. Pat. No. 5,122,136). This utilizes an electrical current
to induce thrombosis within the aneurysm. The current also
breaks the solder-point connection between the guiding wire
and the coil for a non-forceful detachment of the coil. While
the morbidity (8%) and mortality (0.3 to 1.1%) are very low
with this procedure, especially compared to conventional
surgery, the electrically induced intra-aneurysmal thrombus
1s lysed and the coils compact over time, so that the
permanence and therapeutic efficacy of the aneurysm occlu-
sion 1s still unknown. More 1importantly, complete occlusion
of an aneurysm at the time of initial placement of the coils
ranges from 69% for small aneurysms with narrow necks, to
35% or less tor larger aneurysms with wide necks. Aneu-
rysms having wide necks relative to their diameters may not
be even treatable with this technique. A wide neck allows the
colls to herniate mto the parent artery, which may produce
unwanted parent artery occlusion and stroke. Therefore,
aneurysms with wide necks usually must be treated
surgically, with a higher morbidity/mortality rate than if an
endovascular method had been available. The GDC also
produces undesirable artifacts on MR scans, making it
impossible to define an aneurysmal remnant or tissue injury
in the region of the aneurysm. Lastly, electrolytic detach-

ment of the GDC can result in migration of the solder
remnants into the intracranial circulation.

In order to completely fill the lumen of an aneurysm, a
device with the properties of a liquid would be preferable to
more rigid devices such as the GDC coil. Liquid agents have
been used for aneurysm ablation by directly injecting the
agent mto the aneurysm to produce a cast and subsequent
thrombosis. An example of a liquid thrombotic material 1s
cellulose acetate and bismuth trioxide dissolved 1n dimeth-
ylsulfoxide. On contact with blood in the aneurysm, the
dimethylsulfoxide diffuses and the concentrating cellulose
acetate polymer solidifies in the shape of the aneurysm
within minutes. The liquid thrombotic material has a low
viscosity and 1s easily injected through a small gauge
catheter placed into the aneurysm via an endovascular
approach. However, there are significant problems with this
method of aneurysm ablation, including the distal migration
of the polymer 1nto normal vessels, producing stroke, and
the slow leaking of the chemicals into the blood with
dispersion to normal brain tissue, producing neurological
dystunction.

Other liquids, especially the cyanoacrylates (e.g., the
iso-butyl and n-butyl forms), have been used for aneurysm
occlusion. The cyanoacrylates polymerize 1n seconds after
making contact with an 1onic fluid like blood. The polymer-
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1zation rate 1s difficult to control, however, and 1ts rapidity
makes precise and safe placement difficult. Like any liquid,
the cyanoacrylate can flow out of the aneurysm into
unwanted locations unless 1t can be contained.

The guidance of an endovascular catheter system, and the
placement of an embolic agent or device 1into an aneurysm,
currently 1s performed using x-ray fluoroscopy. Catheters
and embolic agents are made from radio-opaque materials to
allow visualization, and fluoroscopy allows the real-time
visualization of the movement of the catheter system and the
placement of the intra-aneurysmal occluding agents.
However, there would be certain advantages to performing
such a procedure under MR guidance. First, x-ray systems
orve significant levels of radiation to the lens of the eye
during anecurysm ablation procedures. Radiobiological
effects such as cataract formation may prove to be significant
once enough time has elapsed for the effect of these rela-
fively new procedures to become known. MR does not
utilize 1 101112111g radiation, and there are no known long-term
adverse elfects on blelogleal tissues from MR, as used 1n a
clinical MR 1maging environment.

Second, x-ray fluoroscopy 1s a two-dimensional 1maging
technique. Multiple projections must be used to totally

understand the anatomy of an aneurysm and its neck.
Three-dimensional reconstruction of two-dimensional

angiographic data has been performed, but the computer
processing times are long. MR angilographic data, however,
can be processed quickly into a 3-D image, allowing the
accurate analysis of the aneurysm, the luminal volume that
must be filled, and the size of the neck that must contain the
filling (embolic) agent.

Third, x-ray fluoroscopy and angiography permit visual-
ization of only the blood vessels, not the brain substance
itself. X-ray fluoroscopy does not allow the visualization of
complications such as hemorrhage or stroke during aneu-
rysm therapy, nor can physiological processes, such as
cerebral perfusion, be studied during this procedure which
may elfect cerebral blood flow and perfusion. MR, however,
1s a powerful technique that permits visualization of blood
vessels (with MRA), acute hemorrhage and stroke (with
various pulsing sequences of MRI), and cerebral perfusion
(perfusion MR). Newly developed fast MR sequences even
permit MR fluoroscopy.

Therefore, 1t would be advantageous if the guidance of the
catheter system and the intra-aneurysmal embolic agents
could be performed by both x-ray and MR systems. This
would require that the catheters, guidewires, and embolic
agents be visible by both x-ray and MR or that different parts
of a single system be visible by x-ray or MR. If the guidance
system of catheters and guidewires and the aneurysmal
occluding agent contained different elements that were vis-
ible with MR or with x-ray, the procedure could be per-
formed on a hybrid MR/x-ray fluoroscopy system 1n order to
take advantage of the features of both 1maging systems. New
technologies such as intra-operative magnetic resonance
imaging and nonlinear magnetic stereotaxis (Gillies et al.
1994), as two examples, will likely play increasingly impor-
tant roles 1n optimizing endovascular treatment of neuro-
logical disorders. One type of high-speed MR 1maging
system combines high-resolution MR 1maging with conven-
tional X-ray fluoroscopy and digital subtraction angiography
(DSA) capability in a single hybrid unit. The real-time
imaging capability of this combination of techniques makes
it possible to use high-speed MR 1maging to observe the
cilects of specific interventional procedures, such as throm-
botic occlusion of aneurysms.

Visualization of an endovascular device could depend
upon 1ts being coated with an MR contrast agent, or upon its

10

15

20

25

30

35

40

45

50

55

60

65

4

cffect on the MR 1mage by nature of its chemical makeup.
However, compounds and materials considered MR
compatible, and even MR contrast agents, can produce
significant distortion artifacts that obscure the brain and
blood vessel anatomy and physiology. Initial attempts to
visualize endovascular devices 1n MR 1maging were based

on passive susceptibility artifacts produced by the device
when exposed to the MR field. U.S. Pat. Nos. 5,154,179 and

4,989,608 to Ratner disclose the incorporation of paramag-
netic material into endovascular devices to make the devices

visible under MR 1maging. However, these patents do not
provide for artifact-free MR visibility in the presence of
rapidly alternating magnetic fields, such as would be pro-
duced during echo-planar MR 1maging pulse sequences used
in real-ime MR guidance of intracranmial drug delivery
procedures. Nor do these patents teach a method for moni-
toring with MR visible catheters the outcomes of therapeutic
interventions. Ultrafast 1maging sequences generally have
significantly lower spatial resolution than conventional spin-
echo sequences. Image distortion may include general signal
loss, regional signal loss, general signal enhancement,
regional signal enhancement, and increased background
noise. The magnetic susceptibility artifact produced by the
device must be small enough not to obscure surrounding
anatomy, or mask low-threshold physiological events that
have an MR signature, and thereby compromise the physi-

clan’s ability to perform the intervention.

An 1mmproved method for passive MR visualization of
implantable medical devices has recently been disclosed by
Werne (Pending U.S. patent application Ser. No. 08/554446,
[TT Medical Technologies). That invention minimizes MR
susceptibility arfifacts, and controls eddy currents in the
clectromagnetic scattering environment, so that a bright
“halo” artifact 1s created to outline the device in its approxi-
mately true size, shape, and position. In the method of the
invention disclosed by ITI, an ultra thin coating of conduc-
tive material comprising 1-10% of the thickness of the
material being 1maged—typically about 250,000
angstroms—is applied. By using a coating of 2,000-25,000
angstroms thickness, I'TI has found that the susceptibility
artifact due to the metal 1s negligible due to the low material
mass. At the same time, the eddy currents are limited due to
the ultra-thin conductor coating on the device.

Exemplary of methods for active MR visualization of
implanted medical devices 1s U.S. Pat. No. 5,211,165 to
Dumoulin et al., which discloses an MR tracking system for
a catheter based on transmit/receive microcoils positioned
near the end of the catheter by which the position of the
device can be tracked and localized. U.S. Pat. No. 5375,596
to Twiss et al., discloses a method for locating catheters and
other tubular medical devices implanted in the human body
using an integrated system of wire transmitters and receiv-
ers. U.S. Pat. No. 4,572,198 to Codrington also provides for
conductive elements, such as electrode wires, for system-
atically disturbing the magnetic field 1n a defined portion of
a catheter to yield increased MR visibility of that region of
the catheter. However, the presence of conductive elements
in the catheter also introduces 1ncreased electronic noise and
the possibility of Ohmic heating, and these factors have the
overall effect of degrading the quality of the MR 1mage and
raising concerns about patient safety. Thus, 1n all of these
examples of implantable medical probes, the presence of
MR-incompatible wire materials allows the possibility of
causing large 1maging artifacts. The lack of clinically
adequate MR visibility and/or 1imaging artifact contamina-
tion caused by the device 1s also a significant potential
problem for most commercially available catheters, micro-
catheters and shunts.
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It 1s also important that endovascular devices used under
MR guidance are MR-compatible in both static and time-
varying magnetic fields. Although the mechanical effects of
the magnetic field on ferromagnetic devices present the
orcatest danger to patients through possible unintended
movement of the devices, tissue and device heating may also
result from radio-frequency power deposition in electrically
conductive material located within the 1imaging volume.
Consequently, all exposed areas of the device, such as the
cables, wires, surfaces and other devices positioned within
the MR 1maging system must be made of materials that have
properties that make them compatible with their use in
human tissues during MR 1maging procedures.

A variety of implantable endovascular devices have been
described, as follows:

U.S. Pat. No. 3,868,956 to Alfid1 discloses a stent-like
vessel expander or expandable filter made of a shape
memory metal, such as an alloy containing nickel and
titanium (Nitinol). An external woven (e.g., Dacron) sleeve
1s expanded by an internal Nitinol structure. The expansile
appliance 1s 1nitially formed 1n an expanded configuration
and 1s then deformed to a straight-line configuration for
implantation. Once placed in a desired position, the device
1s heated, causing 1t to resume 1ts expanded configuration. In
one embodiment, the appliance 1n 1ts expanded configura-
fion comprises a coill of wire used to expand or enlarge a
vessel. However, the device 1s not specifically designed to be
MR -visible and there 1s no mention of using the device as an
endovascular therapy for aneurysms.

U.S. Pat. No. 4,503,569 to Dotter discloses the use of a
coil of shape memory metal (Nitinol) as an endovascular
stent. The endovascular prosthesis includes a helically
wound coil having a generally tubular shape. After place-
ment of the stent within a body blood vessel and upon
heating of the prosthesis beyond 115 degrees C., it expands
so as to become firmly anchored to the inside wall of the
blood vessel. After expansion, the diameter of the lumen of
the prosthesis 1s approximately equal to the diameter of the
blood vessel. There 1s no reference to the application of this
device for the treatment of cerebral aneurysms, nor 1s it MR
visible.

U.S. Pat. No. 4,727,873 to Mobin-Uddin discloses an
endovascular embolus trap, which 1s comprised of multiple
filamentary loops extending outwardly from a central col-
umn. The device 1s inserted 1nto blood vessels to engage and
hold blood clots. Although obstructed vascular conditions
arc mentioned, there 1s no reference to applications for
aneurysm therapy.

U.S. Pat. No. 4,994,071 to MacGregor discloses a bifur-
cating or branching stent in which a balloon expanding
technique 1s used to expand the stent from insertion size to
implant size. The balloon i1s then deflated and withdrawn
from the vessel. Although obstructed vascular conditions are
mentioned, there 1s no reference to applications for aneu-
rysm therapy.

U.S. Pat. No. 4,998,539 to Delsant1 discloses a method of
using a removable device for promoting healing of detached
flaps from the arterial wall. The expansile/contractile device
1s formed of 1interwoven wires. Remote actuation 1s used to
cause expansion, and after healing, to cause contraction. It
1s thus distinguishable from the method and device of the
present mvention.

U.S. Pat. No. 5,035,706 to Gianturco discloses a special-

1zed spring-expansible stent construction employing eyes
formed at the bends of a zig-zag spring stent construction, as
a variant of the Gianturco Z-form spring stent. However, the
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device 1s not specifically designed to be MR-visible and
there 1s no mention of using the device as an endovascular
therapy for aneurysms.

U.S. Ser. No. 07/788,799 to Clouse discloses a “Method
and Device for Performing Endovascular Repair of Aneu-

rysms’. However, the device 1s not specifically designed to
be MR-visible.

U.S. Pat. No. 5,102,401 to Lambert et al. discloses an
expandable catheter consisting of hydrophilic thermoplastic
clastomeric polyurethane with a hydrophobic polymer coat-
ing. However, the device 1s not specifically designed to be
MR -visible and there 1s no mention of using the device as an
endovascular therapy for aneurysms.

U.S. Pat. No. 5,102,402 to Dror et al. discloses a balloon

angioplasty catheter with a releasable drug-containing
microcapsule coating on the balloon surface. However,
device 1s not specifically designed to be MR-visible and
there 1s no mention of using the device as an endovascular
therapy for aneurysms.

U.S. Pat. No. 5,304,194 to Chee et al. discloses a vascular
occlusion coil with multiple attached fibrous elements.
However, the device 1s not specifically designed to be
MR -visible.

U.S. Pat. No. 5,304,197 to Pinchuk et al. discloses a
fabrication method for balloons as medical devices.
However, the device 1s not specifically designed to be
MR -visible and there 1s no mention of using the device as an
endovascular therapy for aneurysms.

U.S. Pat. No. 5,304,199 to Myers discloses an elastomeric
balloon for creating a cleft through a total blockage 1 a
vascular structure. However, the device 1s not specifically
designed to be MR-visible and there 1s no mention of using
the device as an endovascular therapy for aneurysms.

U.S. Pat. No. 5,108,407 to Geramia et al. discloses a
method and apparatus for placement of an embolic coil at an
intravascular lesion site. The invention includes a heat
sensitive adhesive to reversibly bond the coil to a connector.
However, the device 1s not specifically designed to be
MR -visible and there 1s no mention of using the device as an
endovascular therapy for aneurysms.

U.S. Pat. No. 5,217,483 to Tower discloses an intravas-
cular radially expandable stent. However, the device 1s not
specifically designed to be MR-visible and there 1s no
mention of using the device as an endovascular therapy for
aneurysms.

U.S. Pat. No. 5,108,420 to Marks discloses an aperture
occlusion device using a catheter-based wire occluder.
However, the device 1s not MR-visible and there 1S no
mention of using the device as an endovascular therapy for
aneurysms.

U.S. Pat. No. 5,258,020 to Froix discloses a method of
using an expandable polymeric stent with memory.
However, the device 1s not MR-visible and there 1s no
mention of using the device as an endovascular therapy for
aneurysms.

U.S. Pat. No. 5,104,403 to Brotzu discloses a low porosity
vascular prosthesis with hormone-producing cells contained
within microcapsules placed i1n the walls of the prosthesis.
However, the device 1s not MR-visible and there 1S no
mention of using the device as an endovascular therapy for
aneurysms.

U.S. Pat. No. 5,221,261 to Termin discloses a radially

expandable intravascular fixation device and a method for
securing the surface of the device to a tissue wall. However,
the device 1s not MR-visible and there 1s no mention of using
the device as an endovascular therapy for aneurysms.
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U.S. Pat. No. 5,158,548 to Lau discloses a method and
system for delivery of an expandable intravascular stent.
However, the device 1s not MR-visible and there 1s no
mention of using the device as an endovascular therapy for
aneurysmes.

U.S. Pat. No. 5,234,456 to Silvestrini discloses an intra-
vascular stent with a semi-permeable membrane wall 1nto
which 1s placed a hydrophilic material capable of absorbing
a 11qu1d to 1ncrease the volume of the stent. However, the
device 1s not Sp@ClﬁC&lly designed to be MR-visible and
there 1s no mention of using the device as an endovascular
therapy for aneurysms.

U.S. Pat. No. 5,234,457 to Anderson discloses an intra-
vascular stent impregnated with a material that can 1nitiate
expansmn of the stent into the vessel wall. However, the
device 1s not Sp@ClﬁC&lly designed to be MR-visible and
there 1s no mention of using the device as an endovascular
therapy for aneurysms.

U.S. Pat. No. 5,342,303 to Ghaerzadeh discloses balloon
catheters and related medical devices having non-occluding
balloon inflation-deflation apertures. However, the device 1s
not speciiically designed to be MR-visible and there 1s no
mention of using the device as an endovascular therapy for
aneurysmes.

U.S. Pat. No. 5,263,963 to Garrison discloses an expand-
able cage catheter for repairing a damaged blood vessel.
However, the device 1s not specifically designed to be
MR -visible and there 1s no mention of using the device as an
endovascular therapy for aneurysms.

U.S. Pat. No. 5,330,500 to Song discloses a seli-
expanding endovascular stent with silicone coating.
However, the device 1s not specifically designed to be
MR -visible and there 1s no mention of using the device as an
endovascular therapy for aneurysms.

U.S. Pat. No. 5,133,733 to Rasmussen discloses a col-
lapsible filter for introduction mto a blood vessel of a
patient. However, the device 1s not specifically designed to
be MR-visible and there 1s no mention of using the device
as an endovascular therapy for aneurysms.

U.S. Pat. No. 5,037,427 to Harada discloses a method of

implanting and removing an endovascular stent having a
two-shape memory that 1s activated using a cooling liquid.
However, the device 1s not specifically designed to be
MR -visible and there 1s no mention of using the device as an
endovascular therapy for aneurysms.

U.S. Pat. No. 4,994,069 to Ritchard discloses a vascular
occlusion coil that uses a memory metal. However, the
device 1s not Spemﬁcally designed to be MR-visible and
there 1s no mention of using the device as an endovascular
therapy for aneurysms.

U.S. Pat. No. 5,370,691 to Samson discloses an intravas-
cular polymeric inflatable stent. However, the device 1s not
specifically designed to be MR-visible and there 1s no
mention of using the device as an endovascular therapy for
aneurysmes.

U.S. Pat. No. 5,368,566 to Crocker discloses a temporary
stent for maintaining blood vessel patency. However, the
device 1s not Sp@ClﬁC&lly designed to be MR-visible and
there 1s no mention of using the device as an endovascular
therapy for aneurysms.

U.S. Pat. No. 5,378,239 to Termin discloses a radially
expandable fixation device constructed of recovery metal.
However, the device 1s not specifically designed to be
MR -visible and there 1s no mention of using the device as an
endovascular therapy for aneurysms.
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U.S. Pat. No. 5,383,928 to Scott discloses a polymer stent
sheath for local mtravascular drug delivery. However, the
device 1s not Spemﬁcally designed to be MR-visible and
there 1s no mention of using the device as an endovascular
therapy for aneurysms.

U.S. Pat. No. 5,250,071 to Palermo discloses a detachable
mtravascular embolic coil assembly that uses interlocking
clasps. However, the device 1s not specifically designed to be
MR -visible and there 1s no mention of using the device as an
endovascular therapy for aneurysms.

U.S. Pat. No. 5,334,210 to Gianturco discloses a vascular

occlusion assembly comprised of a bag of foldable material,
and an 1nternal catheter activator. However, the device 1s not

specifically designed to be MR-visible.

U.S. Pat. No. 5,382,260 to Dormandy discloses an embo-
lization device and apparatus including an introducer car-
tridge. However, the device 1s not specifically designed to be
MR -visible.

U.S. Pat. No. 5,382,261 to Palmaz discloses a method and
a tubular apparatus for occluding blood vessels. However,
the device 1s not Spemﬁcally designed to be MR-visible and

there 1s no mention of using the device as an endovascular
therapy for aneurysms.

A problem with the use of platinum microcoils, such as
the GDC, 1s the lack of stimulation of scar formation within
the aneurysm and an endothelial lining over the mouth of the
aneurysm, insuring complete and permanent occlusion. U.S.
Pat. No. 5,171,217 to March describes the delivery of
several specific compounds by direct injection of microcap-
sules or microparticles using multiple-lumen catheters, such
as disclosed by Wolinsky 1n U.S. Pat. No. 4,824,436. Incor-
poration of pharmaceutical agents 1nto thin surface coatings
during manufacture of a device will allow the agent to
diffuse out of the coating at a controlled rate. The coating
can 1ncorporate natural or synthetic materials, such as
antibiotics, thrombus-inducing or anti-thrombus chemicals,
and agents such as fibroblastic and endothelial growth
factors. U.S. Pat. No. 5,120,322 to Davis et al., describes the
process of coating the surface layer of a stent or shunt with
lathyrogenic agent to inhibit scar formation during repara-
five tissue formation, thereby extending exposure to the drug
agent. U.S. Pat. Nos. 3,705,938 and 3,857,934 to the Her-
culite Protective Fabrics Corporation describe the incorpo-
ration of a chemical agent 1into a thin surface coating to allow
diffusion of the chemical at a controlled rate.

However, exposed coatings on catheters which contain
drug agents usually require some type of protective sheath
that must be removed from the catheter before the drug can
be released from the coating. The sheath and any catheter
components required to manipulate the sheath greatly
increase the proiile of the catheter, make 1t less flexible, and
thereby limit the variety of applications for which the drug
delivery system can be employed, particularly for cerebral
ancurysm treatment. In addition, binders or adhesives used
in catheter coatings may significantly dilute the concentra-
tion of the therapeutic agent. The therapeutic agent could be
bonded loosely to the catheter with a material such as
macroaggregated albumin that 1s sensitive to thermal energy
for release of the agent. U.S. Pat. No. 5,087,256 to Taylor
describes an example of a catheter-based device that con-
verts radiofrequency energy to thermal energy. However, the
thermal energy required for release could cause damage to
the blood vessel.

U.S. Pat. No. 5,470,307 to Lindall discloses a low-profile
catheter system with an exposed coating containing a thera-
peutic drug agent, which can be selectively released at
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remote tissue sites by activation of a photosensitive chemi-
cal linker. In the mmvention disclosed by Lindall, the linker 1s
attached to the substrate via a complementary chemical
group, which accepts a complementary bond to the thera-
peutic drug agent. The drug agent 1s, 1n turn, bonded to a
molecular lattice to accommodate a high molecular concen-
fration per unit area. Ancillary compounds such as markers
or emitters may also be attached to the drug agent so its
location and movement can be monitored.

Another problem with current interventional therapies for
treatment of cerebral aneurysms 1s the release of an embolic
agent or device from the catheter transporting 1t to the
aneurysm. The GDC platinum microcoil 1s attached to a
transporting steel microguidewire by a small solder joint,
and 1s detached when an electric current 1s passed through
the steel microguidewire to lyse the solder joint. The time for
this electrolytic release mechanism becomes progressively
prolonged as more platinum coils are placed into the aneu-
rysm. Detachable balloons, filled with either a fluid or a solid
polymer, are detached when the transporting catheter 1s
pulled back. The distended balloon exerts radial forces on
the luminal walls of the aneurysm or blood vessel, and a
special valve 1n the neck of the balloon closes as the catheter
1s withdrawn 1n order to keep the balloon distended.
However, this technique exerts undo forces on the aneurysm,
which may cause it to rupture. The direct placement of
balloons 1nto aneurysms, requiring such a release
mechanism, 1s no longer performed. There 1s no other
container to hold a polymerized fluid that could be placed
inside an aneurysm, nor a mechanism to release such a
container, 1n the current practice of endovascular therapy.

SUMMARY OF THE INVENTION

The present invention comprises a method and a device
for treating hemodynamically significant aneurysms, par-
ficularly those of the intracranial circulation, while the
procedure 1s being performed under 1mage guidance
mechanisms, especially either X-ray fluoroscopy and/or
real-time magnetic resonance (MR) imaging guidance. A
device for the practice of the present invention may
comprise, for example, an association of a catheter and
cuidewire, a microcatheter, and a parachute element. A
preferred construction comprises an association of a catheter
and guidewire, a microcatheter, a parachute element, and a
balloon. A preferred method of associating the respective
elements would comprise having the balloon (if used)
securely (less preferably detachably) attached to the catheter
and the parachute element detachable from the microcath-
eter. The microcatheter may be carried through an opening
in the balloon catheter, or may be separate, along the side of
the balloon catheter, for appropriate placement during the
procedure. Preferably the parachute element comprises an
MR -visible, parachute-shaped device, containing a plurality
of elongated filamentary loops made of flexible and expand-
able materials, such as an elastomeric hydrogel, polymeric
materials such as polyamide mesh, Nitinol mesh (or a mesh
of other biocompatible materials), or other expansile mate-
rial. The parachute element, during the procedure, 1s radially
expanded from a closed position while the device 1s within
the lumen of the aneurysm. The device may be subsequently
fixed, preferably permanently fixed, mnto surface contact
with the aneurysm wall when the device 1s filled or partially
filled with materials, such as a polymer material. MR
visibility of the occlusive device 1s achieved using an
MR-visible coating, filler, embedded elements or attach-
ments within or on the composition of the device, permitting
MR 1maging of the device during and after the occlusion
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procedure. Detachment of the aneurysm occlusion device
from the transport catheter, hollow wire, or hollow tube can
be achieved by one or more of the following methods. The
methods 1nclude, but are not limited to mechanical
decoupling, hydration of the device/catheter or device/wire
interface, by thermal exchange coupling or transduction,
irradiation 1nitiated change in adherent compositions, pre-
determined memory pH or osmolality changes, or by any
other mechanical, chemical, electrical, and/or radiation tech-
niques which can release the aneurysm occlusion device.
The parachute device imnduces permanent occlusion of the
ancurysm by timed delivery of biologic modifying drugs
that promote fibroblast ingrowth and collagen formation
within the aneurysm, and endothelial proliferation over the
mouth of the aneurysm. The transporting microcatheter, the
hollow tube or wire to which the parachute 1s attached, and
the forming balloon catheter may have their surfaces
impregnated with an MR-visible contrast material, or some
other MR visible device may be attached to them. This will
enable continuous MR visualization of their position during
the filling of the parachute. The subject invention provides
a method for the use of embolic materials under one or both
of X-ray or MR-1maging guidance in ways different from
those taught 1n the prior art.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a microcatheter-parachute assembly accord-
ing to the present invention with a non-expanded parachute
attached to a hollow guidewire or hollow tube that has been
passed through a microcatheter.

FIG. 2 shows a microcatheter-parachute assembly accord-
ing to the present invention with a non-expanded parachute
directly attached to the catheter.

FIG. 3 shows a microcatheter-parachute assembly accord-
ing to the present invention with an expanded parachute
attached to a hollow guidewire or hollow tube.

FIG. 4 shows a cerebral blood vessel containing a
microcatheter-parachute assembly according to the present
invention with a non-expanded parachute inserted mnto an
ancurysm with a narrow neck.

FIG. 5 shows a cerebral blood vessel containing a
microcatheter-parachute assembly according to the present
invention with an expanded parachute inserted 1nto an
aneurysm with a narrow neck.

FIG. 6 shows a cerebral blood vessel containing a
microcatheter-parachute assembly according to the present
invention with an expanded parachute inserted 1nto an
aneurysm with a wide neck, using a non-detachable balloon
in the blood vessel to help form the parachute contour.

DETAILED DESCRIPTION OF THE
INVENTION

The are a number of distinct differences between the
practice of the present invention 1n comparison to prior art
medical techniques for the repair or treatment of aneurysmes.
The occlusion device of the present invention, referred to
herein as a parachute, 1s clearly different from the
microcoils, coils, and balloons that have been previously
described. The term “expansile” 1s used to denote one aspect
of the difference 1n the following manner. Balloons are
clastically expandable, the composition of the balloon 1tself
undergoing elastic stretching when internal fluid pressure
exceeds the external surface pressure. An expansile material,
on the other hand, when subjected to internal fluid pressure
which exceeds the external surface pressure by at least 0.1,
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0.2 or 0.5 pounds per square inch (for example), will expand
to approximately the structural limits of the shape of the
parachute, with less than 10% or less than 5% of the
enlargement from the retracted to the expanded state occur-
ring {rom any elastic extension or stretching of the compo-
sition of the parachute. This expansion may be 1in the manner
of an expanding accordion effect. The parachute may be
folded upon 1itself, twisted upon 1itself, or arranged 1n any
other manner that will allow it to reconfigure mto 1ts full size
and shape upon the application of reasonable fluid pressure
within 1t cavity. It 1s preferred that less than 2%, and more
preferably that less than 1% of the expansion from the fully
retracted state to the fully expanded state derive from elastic
clongation of the parachute composition, as opposed to
unfolding of a compacted or folded structure. The
parachutes, for example, may be partially constructed from
colls and microcoils which are spring-like, open devices,
made of MR-compatible materials, which have their own
intrinsic shape and are packed into the lumen of the aneu-
rysm. The spring-like coils of the parachute may extend, but
without elastic deformation of the coil material. The
balloons, on the other hand, are elastomeric materials that
distend (elastically deform) essentially equally (with uni-
form thickness of the balloon material) when internal pres-
sure (within the balloon cavity) is provided. The pressure is
cequally applied against all interior surfaces of the balloon,
and thereby uniformly expanding the balloon by stretching
the material. This assumes a uniform thickness in the
balloon and an equal distribution of surface pressure (e.g.,
there 1s no restrictive contact between the surface of the
balloon and another surface).

The parachute of the present invention is intended to have
little 1f any elasticity in the components of the device which
are essential to distribution of the parachute within the
ancurysm. The parachute may have some significant appar-
ent gross elasticity because of the structure of the material
(e.g., knitted, woven, braided, folded, telescoping, accordion
components, etc.). The parachute should have little or no
structural elasticity because of the composition of the
materials, even though most materials, including polymers
and metals, have some native elasticity. Thus, materials with
less than 10% elasticity (e.g., the percent of expansion of
one dimension) when one Kilogram force is applied along
the length of a square centimeter segment 1s desired. Prel-
erably less than 7.5% elasticity 1s present, and more prel-
erably less than 5%, less than 3% and less than 1% elasticity
1s desired 1n a square centimeter segment. Examples of
useful materials include Nitinol fabric (knitted and woven),
polyamide fabric (knitted or woven), or fabrics and films of
biocompatible materials (e.g., metals, metal oxides,
ceramics, polymers, composites and the like). Films with
significant texturing in them (e.g., such as done with crepe
paper or other extensible texturing) are also useful. The
materials should not decompose within the body (within the
fime frame when the device 1s intended to remain within a
living patient) and should not contain toxic or highly aller-
genic materials that would leach out of the material (as
would some plasticizers in polymeric materials) or form
upon eventual decomposition or exposure to the expected
fluids within the body of a patient.

This container should be made of a material that could be

imaged (detectable) by both x-ray and MR. Visibility by MR
without artifact production 1s extremely important so that the
patient may be imaged to evaluate the possibility of future
revasculation and recurrent patency of the aneurysm, with-
out resorting to traditional angiography with 1ts attendant
complication rate. Complications following aneurysmal rup-
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ture or the treatment of the aneurysm, or for other current or
future neurological problems, would be best evaluated with
MR 1maging, since it 1s the most sensitive and speciiic
imaging technique for evaluating the brain and i1ts many
disorders. The use of an ancurysm clip usually prohibits a
patient from being imaged with MRI because of the possi-
bility that the magnetic field could dislodge the clip, 1n
addition to the degradation of the image by the clip. The
quality of an MRI 1s frequently degraded by the Guglielmi
Detachable Coils (GDC) in an aneurysm, requiring the use
of CT or other less specific imaging technique. Thus, the
ancurysmal occluding agent should be MR-visible and
MR-compatible yielding minimal, i1f any, 1image distortion.
MR visibility could be provided for example by the use of
MR responsive microcoils or impregnating or coating por-

tions of the device with MR visible materials.

There should be some extensibility and flexibility 1n the
parachute material as 1t must be able to conform to the
various shapes and dimensions of the interior lumen of the
ancurysm. This 1s 1n contrast to balloons, which essentially
uniformly expand 1n a spherical or ellipsoid manner, and fill
the shape with only minor variations for those shapes. As
pressure 1s 1ncreased to attempt to force a balloon into
conformance with spaces left between the moderately
inflated balloon and the walls of the aneurysm where contact
has not been made, excess force imadvertently may be
applied to weak areas of the aneurysm walls where 1nitial
contact had been made. This may result in rupture of the
ancurysm. The lower elasticity, but greater ability of the
parachute materials of the present invention to conform to a
non-uniform shape allows for a more even distribution of
pressure and greater volume occupation filling of an aneu-
rysm. With materials of high conformability, as opposed to
materials of high elasticity, the materials with high conform-
ability can conform to a shape with more equal distribution
of forces against the surface to which conformation 1s being
cifected.

Because there 1s limited elasticity in the parachute, a
variety of parachute volumes are manufactured i1n order to
adapt to the various volumes of aneurysms, ranging from a
few cubic millimeters to a few cubic centimeters.

The parachute should be able to completely volume
occupy the space within an anecurysm, and be easily
expanded so as not to rupture the aneurysm. The parachute
functions best by being filled with a liquid such as a
hardenable polymer. A container for a liquid would keep that
liquid within the aneurysm, but such a container would have
to be extremely flexible. The contaimner would have to
expand from a contracted state, as it 1s delivered through
blood vessels of a few millimeters 1n size 1nto an aneurysm
with a neck as small as 1-2 millimeters. In its expanded
state, 1t would fill an aneurysm ranging from 3 to 25 or more
millimeters 1n diameter. This container, therefore, would
have to be flexible, expansile, and of minimal porosity in
order to contain the liquid. Some porosity 1s tolerable or
even desirable to allow for any entrapped gases within the
parachute to be expelled through the pores, but without
allowing hardenable liquid to flow through the pores before
it 1s hardened. Control of pore size and hydrophilicity of the
parachute around the pores are techniques to be used in
controlling the effectiveness of any porosity.

Where a fabric or porous film 1s used as the parachute
material, the material should have pore sizes small enough
to restrain flow of any particulate material, colloidal
solution, or polymer in the material injected or 1nserted into
the parachute to fill and secure it. For example, 1f a colloidal
dispersion of polymer having polymer particles with average
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dimensions of 1 micron are to be used (with a£25% particle
size distribution), the pore size or mesh, opening size of the
fabric, or film should be less than 0.75 microns to assure
restraint of the particles. This addresses one of the problems
encountered by direct 1njection of a polymer into the aneu-
rysm and flow of this substance mto the blood stream and
occlusion of healthy vessels. It also avoids a problem
encountered where an open stent 1s used 1n the arterial lumen
across the mouth of the aneurysm to close that mouth or
support injected hardenable liquid placed into the aneurysm.

The fabric, as noted above, should be highly conformable.
This can be done by balancing the flexibility of the material
used (both the fineness of fibers used in the fabric as well as
the native flexibility of the material in the fiber) and the
tightness of the fabric construction. Thus, fine fibers can be
used in a tight knit or weave (or non-woven construction,
with fusion or adhesion of the fibers at the crossover points),
or thicker fibers with less tight weaves or knits (or fewer
bonding sites in a non-woven construction) may be used.
Films with large numbers of small pores (a foraminous film
or gossamer-like fabric) could also be used. The composi-
tion of the film material and the number, size and distribu-
fion of the pores would assist 1n controlling the conforma-
fion of the parachute material to mold to the shape of the
aneurysm.

One aspect of this invention i1s the provision of an
endovascular procedure to treat aneurysms, especially
narrow-neck aneurysms, comprising the following steps:

a) determine the volume of the aneurysm, as by using
digital subtraction angiography (DSA), MRA, or CTA,
and select the parachute system of a size and configu-
ration appropriate to the volume of the aneurysm,

b) catheterize the aneurysm, preferably using a micro-
catheter and microguidewire,

¢) remove the microguidewire and replace the microgu-
idewire with a hollow guidewire or hollow tube with an
attached parachute,

d) inject liquid (e.g., saline solution) to partially enlarge or
engage the parachute within the aneurysm,

¢) slowly inject polymer to completely fill the parachute
within the confines of the aneurysmal lumen,

f) verify isolation of the aneurysm from the parent blood
vessel using radiologic 1maging techniques; and

g) detach the parachute/polymer from the hollow
guidewire or hollow tube. The term “guidewire” usu-
ally implies its fabrication from some type of metal,
which may be or may not visible with X-ray imaging,
devices. Because a metal may produce unwanted arti-
facts during MR 1maging, if the procedure were to be
performed with such guidance, the use of an

MR-compatible hollow tube or artifact-free material

(e.g., ceramic, polymer or composite which is not

responsive to MR-imaging) may be preferable. It may

be possible to catheterize the anecurysm by using the
parachute/hollow guidewire/tube without resorting to
the standard microguidewire by appropriate design of
the hollow guidewire/tube with the parachute attached
thereto. It may also be possible to catheterize the
ancurysm with a catheter to which the parachute is
directly attached. In this case, a microguidewire may be
placed 1nside the catheter to assist 1n the catheteriza-
tion. This microguidewire 1s removed before the 1njec-

tion of saline and/or polymer,

A second aspect of this invention 1s the provision of an
endovascular procedure which will effectively and safely
treat wide-neck aneurysms. This may be accomplished by
steps which:
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a) determine the volume of the aneurysm, as by using
DSA, MRA, or CTA, and select the parachute system
of a size appropriate for the volume of the aneurysm.

b) catheterize the aneurysm, preferably using a micro-
catheter and microguidewire,

¢) remove the microguidewire and replace the microgu-
1dewire with a hollow guidewire or hollow tube with an
attached parachute,

d) inject liquid (e.g., saline solution) to partially enlarge or
engage the parachute within the aneurysm,

¢) introduce a non-detachable balloon catheter having two

lumens, and place it across the mouth of the aneurysm,
within the lumen of the parent cerebral artery,

f) infuse the patient’s heparinized blood through the
central lumen of the balloon catheter to maintain distal
cerebral perfusion,

¢) inflate the balloon through the Iumen of the catheter
leading to the balloon, to cover a large majority (e.g.,
greater than 70%—90%) of the neck of the aneurysm,
forming a firm structure against which the parachute
may expand, yet leaving a space for the egress of blood
within the aneurysm as the parachute expands,

h) slowly inject the polymer into the parachute so that the
parachute completely fills the aneurysm,

1) verify isolation of the aneurysm from the parent blood
vessel using radiologic 1maging methods,

j) detach the parachute/polymer from the hollow

cguidewire.

It may be possible to use the parachute/hollow guidewire/
tube to catheterize the aneurysm without resorting to the
standard microguidewire by appropriate design of the hol-
low guidewire/tube with the parachute attached thereto. It
also may be possible to catheterize the aneurysm with a
catheter to which the parachute 1s directly attached. In this
case, a microguidewire may be placed into the catheter to aid
the catheterization process, and removed before injection of
saline and/or polymer.

A third aspect of this invention 1s the provision of an
endovascular procedure to effectively and safely treat hemo-
dynamically significant aneurysms involving the carotid and
vertebral arterial distributions in human patients with
asymptomatic and symptomatic cerebrovascular disease, 1n
particular aneurysms 1naccessible by direct surgery.

A fourth aspect of this invention 1s to provide an aneurysm
occlusion device that totally fills the volume of an aneurysm,
whether the aneurysm has a narrow or a wide neck, whatever
the size, volume, and configuration of the aneurysm.

A fifth aspect of this invention is to provide an MR-visible
occlusion device to treat aneurysms, said device allowing
artifact-free MR 1maging during and after use of the device.

A sixth aspect of this invention 1s to provide an
MR -visible occlusion device to treat aneurysms under MR
and/or x-ray 1imaging guidance.

A seventh aspect of this invention 1s to provide an
aneurysm occlusion device that 1s detachable by mechanical,
electrical, radiation-initiated, or thermal means.

A eighth aspect of this invention 1s to provide an aneu-
rysm occlusion device that has the physicochemical char-
acteristics to 1nduce thrombus formation, collagen
formation, fibroblast growth, and endothelial growth within
the aneurysm.

A ninth aspect of this invention is to provide an aneurysm
occlusion device to be used in conjunction with local
pharmacologic therapies to reduce morbidity and mortality
assoclated with stroke, intracranial vasospasm, and sub-
arachnoid hemorrhage resulting from cerebral aneurysm
rupture.
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A tenth aspect of the present mvention 1s to permit the
maintenance of cerebral perfusion during the treatment of
ancurysms that may require temporary parent artery occlu-
sion. This can even be done with wide-neck ancurysms 1n
the following manner. A microcatheter with the parachute
attachment 1s inserted into the wide-neck aneurysm. A
second catheter with a non-detachable balloon element is
then 1nserted into the parent vessel. This catheter has two
lumens, one 1n the center to allow passage of a fluid or a wire
from one end of the catheter to the other, and a second lumen
leading to the balloon, providing for its inflation or deflation.
A variety of balloon lengths are available, and the length 1s
selected so that 1t will cover the mouth of the aneurysm. The
balloon 1s placed over the mouth of the aneurysm and
inflated so that the majority (70%—90%) of the mouth of the
aneurysm 1s covered. This provides a surface against which
the parachute may expand. A small portion of the mouth 1s
left uncovered so that blood within the aneurysm may
escape as the parachute 1s expanded, preventing too much
pressure within the aneurysm with parachute expansion. The
catheter supporting the balloon allows blood flow to con-
tinue through the parent vessel for cerebral perfusion distal
to the inflated balloon, thereby preventing flow-related
ischemia. Once the polymer has been injected into the
parachute and has hardened sufficiently, the balloon 1s
deflated and the catheter with non-detachable balloon 1is
removed. The parachute 1s then detached from the hollow
microguidewire or hollow tube (or microcatheter if the
parachute had been attached directly to it).

The physical profile and operating characteristics of the
MR -visible aneurysm occlusion device may be summarized
with reference to the figures as follows:

FIG. 1 shows an assembly of a microcatheter device 2
according to the present invention. The microcatheter device
2 comprises a microcatheter tube 4 (usually having dimen-
sions in the range of from 0.15 to 2.50 mm diameter)
containing a flexible hollow wire or tube 6 which can be
telescoped out of the microcatheter 4 at microcatheter tip 8.
The diameter of the hollow wire/tube 6 should be relatively
close to that of the microcatheter, yet be suificiently small
enough to fit within and slide freely through the microcath-
cter 4. The outside diameter of the hollow wire/tube 6 may
be from 10% to nearly 100% ot the inside diameter of the
microcatheter 4. A non-expanded parachute 12 is connected
to the hollow wire/tube 6 so that the parachute extends over
opening 10 of the hollow wire/tube 6. The parachute 12 1s
attached to the hollow wire/tube 6 by an adhesive or other
attachment process that may be broken for detachment of the
parachute 12 by the deposition of mechanical, vibratory,
thermal or light energy. The tip of the hollow wire/tube 6 1s
coated with a chemical to prevent adhesion to the polymer
or other material used to fill the parachute 12. Elastic ties 20
adherent to the parachute 12 keep the material of the
parachute 12 together after detachment of the parachute 12
from the hollow wire/tube 6. The parachute 12 may be not
only mildly elastic, but may also be folded to allow for
orcater expansion. For example, there may be accordion
folds (not shown) or helical folds (not shown) in the para-
chute to allow it to unwrap and increase 1n size without
significant elasticity of the material of the parachute 12. The
parachute may measure up to about 0.5 mm or slightly larger
(¢.g.,to a maximum of 1 mm) in diameter in a non-expanded
state. Different sizes of parachutes are available to fill a
variety of aneurysms, ranging 1n size from 8 cubic millime-
ters to 4 cubic centimeters or more. It 1s desirable to have the
parachute 12 1n the non-expanded state as small as possible
with 1t retaining 1ts ability to fill an aneurysm when
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expanded, so the material must be particularly soft, with
newer technology allowing the non-expanded parachute to
confinue to decrease 1 size. MR-visible coils 16 are shown
around the hollow wire/tube 6 near the opening 10 and
similar MR -visible coils 18 are present near the opening 8 of
the microcatheter 4. The MR-visible coils 16 and 18 are an
improved practice of the mnvention, with the coils providing
responsive signals to magnetic resonance imaging (MRI) so
that the device can be viewed by MR 1maging 1n real time
while the device 1s being manipulated and used during an
aneurysm occlusion procedure. FIG. 2 shows a parachute 12
attached directly to a microcatheter 4 mstead of attachment
to a hollow wire/tube. FIG. 3 shows the microcatheter
device 2 of FIG. 1, except that there 1s now an expanded
parachute 14 shown with the device 2. Expansion was
effected by the passage of a liquid (not shown) through the
opening 10 in the hollow wire/tube 6.

FIG. 4 shows a microcatheter device 2 according to the
invention within a cerebral blood vessel 20 having an
aneurysm 22 with a narrow opening (neck) 24 from the
blood vessel 20 to the aneurysm 22. The non-expanded
parachute 12 1s shown within the aneurysm 22. FIG. 5 shows
a microcatheter device 2 according to the mnvention within a
cerebral blood vessel 20 having an aneurysm 22 with a
narrow opening 24 from the blood vessel 20 to the aneurysm
22. An expanded parachute 14 1s shown within the aneurysm
22 abutting or contiguous to, or flush against, the interior
surface of the aneurysm 22.

FIG. 6 shows a microcatheter device 2 according to the
invention within a cerebral blood vessel 20 having an
aneurysm 26 with a wide opening (neck) 28 from the blood
vessel 20 to the aneurysm 26. A hollow wire/tube 6 and an
expanded parachute 14 are within the aneurysm. There 1s a
second catheter 30 with a non-detachable balloon 32 near its
end within the blood vessel 20. There are two lumens within
catheter 30, a central one permitting perfusion of fluids such
as blood through the catheter into the circulation beyond the
catheter when the balloon 32 1s expanded, and a second
lumen for 1njection of a liquid to inflate the balloon 32. The
inflated balloon 32 covers the majority of the opening 28 of
the aneurysm 26, giving a surface against which the para-
chute 14 may expand. The soft material of the parachute 14
even allows the margins 24 and 34 of the aneurysm to be
filled, nsuring maximum protection against rupture and
ancurysm recurrence. The inflated balloon 1s placed so that
a small portion of the opening 28 of the aneurysm 26 1s left
uncovered during slow expansion of parachute 14. This
allows the egress of blood within the aneurysm during
parachute expansion so that there will be no significant
change 1n the pressure within the aneurysm.

The various sizes of inflated parachutes 14 will accept
volumes from 0.01 to 4.0 or more cubic centimeters (cc’s)
of fluid, to fill aneurysms of 2 mm to 4 ¢cm or more in
diameter. The parachute 1s filled through microcatheter 4 or
hollow wire/tube 6 with a liquid filler material, preferably a
liquid filler material that hardens, and more preferably a
liguid filler material that polymerizes such as
2-hydroxyethylmethacrylate or other 1n situ polymerizing
agent, such as cellulose acetate. This minimizes the possi-
bility of contraction of the volume of the parachute. Fluori-
nated polymeric materials, polyamides and other biologi-
cally compatible or inert polymers would be alternative filler
materials.

It 1s of course desirable that all materials used in the
device, mcluding the filler material, have minmimal adverse
biological effects during the procedure and/or when residing
within the patient. The materials used for the hollow wire or
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hollow tube are well known 1n the art. They may consist of
a variety of metals, some of which may be visible with MRI.
Alternatively, in order to minimize artifacts if MR 1s used for
cuidance during the occlusion procedure, the hollow tube
may be made of a plastic material. The polymer materials for
the construction of the microcatheter, and the double-lumen
balloon catheter if used, are well known 1n the art. Filler
materials for expanding the parachute are also well known
in the literature.

Particular attributes and potentialities of the parachute
may 1nclude a tightly wrapped material to allow significant
expansion from a modest size non-expanded parachute. A
controlled porosity material may be used for the material of
the parachute. For example, the use of a tight weave, Nitinol
mesh fabric will allow controlled migration of liquid mate-
rial across the fabric and enhance migration of connective
fissue through the mesh to provide long-term secure adhe-
sion of the parachute to the aneurysm surface. The material
of the parachute can comprise, or be coated with, compo-
sitions that are visible with MRI or x-ray systems such as
fluoroscopy or CT. The parachute material can be coated
with or otherwise carry endothelial and fibroblastic growth
factors. The size of the parachute can be selected according
to the size and the configuration of the aneurysm; a variety
of sizes will be available. The parachute should be attached
to the hollow tube or hollow wire 1n such a way that the
parachute can be easily separated from the tube or wire. This
attachment may be purely physical such as an elastic attach-
ment that 1s overcome by physically retracting the hollow
wire or tube after the polymer within the parachute has
hardened sufficiently. An electrical, vibratory, or thermal
stimulus may be passed through the hollow wire or tube to
reduce the attachment of the parachute to the hollow wire/
tube (e.g., by thermally softening or electrically initiating
decomposition of an adhesive securing the parachute to the
hollow wire/tube). Elastic ties attached to the outer surface
of the parachute where it 1s attached to the hollow wire/tube
will contract upon detachment of the parachute and keep the
free margins of the parachute closed within the aneurysm.
The hollow wire/tube 1s ordinarily provided with a curved
structure so that upon telescoping out of the microcatheter,
it can be directed towards or within an aneurysm that 1s not
in direct linear alignment with the long axis of the micro-
catheter.

The hollow wire/tube, as previously noted, should have an
outside diameter that 1s smaller than the 1nside diameter of
the microcatheter. Ordinarily, the outer diameter for the
hollow wire/tube 1s from 0.2 to 0.75 mm, more preferably
from 0.33 to 0.5 mm. The inner diameter 1s as large as
possible while keeping some stifiness to the walls of the
wire/tube. The length 1s from 175 to 195 cm. The micro-
catheter may be selected from amongst existing microcath-
cter tubing materials available commercially.

As the parachute eclement 1s also preferably passed
through a central opening or conductive path through the
microcatheter, the parachute should also have dimensions
compatible with such a procedure. For example, the para-
chute element, when associated with a catheter having an
inside diameter of about 1.0 mm, the parachute element
should have a diameter of less than 1.0 mm when folded.
The parachute element preferably has a diameter of less than
0.5 mm when 1n a fully retracted condition.

In the method of the present invention, MR visibility 1s
achieved by embedding, filling, blending, coating,
laminating, placing of MR-emitting/receiving coils or oth-
erwise associating an MR visible material onto sections of
the device which are intended to be viewed during MR
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cuidance of the procedure or by MRI after the procedure.
The method for passive MR visualization of implantable
medical devices disclosed by Ratner (U.S. Pat. Nos. 5,154,
179 and 4,989,608) is less preferred because of the potential
for 1image deterioration. The method of Werne (Ser. No.
08/554446, I'TI Medical Technologies), which minimizes
MR susceptibility artifacts and controls eddy currents 1n the
clectromagnetic scattering environment, so that a bright
“halo” artifact 1s created to outline the device 1n 1ts approxi-
mately true size shape, and position, 1s potentially more
useful. In the method of the invention disclosed by ITI, an
ultra thin coating of conductive material comprising 1-10%
of the theoretical skin depth of the material being 1imaged—
typically about 250,000 angstroms—is applied. By using a
coating of 2,000-25,000 angstroms thickness, I'TT has found
that the susceptibility artifact due to the metal 1s negligible
due to the low material mass. At the same time, the eddy
currents are limited due to the ultra-thin conductor coating
on the device. Such a technique will allow the parachute to
be imaged within the aneurysm by MRI during and after the
occlusion procedure, along with the surrounding tissues,
with minimal artifact. Active MR wvisualization of the
microcatheter, hollow wire/tube, and balloon catheter (if
used) during MR-guidance of the occlusion procedure is
provided by MR-visible coils on these devices.

In the method of the present invention, the release mecha-
nism may be effected by overcoming an elastic attachment,
or by the application of an electrical, vibratory, thermal or
chemical stimulus through the hollow wire/tube. This
detachment 1s preferably achieved by any available
mechanical release function. This mechanical release func-
fion could, for example, include reduced pressure attach-
ments (e.g., vacuum holders), magnetically held devices,
gripped elements (e.g., actuated fingers), electrically acti-
vated motivators or the incorporation of a precision manu-
factured outer sheath made of a metal that 1s significantly
hard and could slide and mechanically release the device.
High precision serrations could also be incorporated to
essentially saw off or pinch off the point of attachment. The
LIGA process can be used to fabricate miniature mechanical
components with thickness greater than that which can be
achieved with conventional IC processing (>2—5 um). LIGA
involves the formation of a plastic mold, such as of
polymethyl-methacrylate, by exposure of the material to
deep ultraviolet radiation or low energy x-rays. The mold 1s
used 1n an electroplating process, and then removed. Struc-
tures as thick as several hundred microns have been formed
in this way with aspect ratios (height to width) well over
50:1. In addition, since the final structural components are
clectroplated, miniature parts can be made from gold, nickel,
copper, or other MR-visible materials. Other means of
detachment include electrical, thermal or vibratory stimula-
tion of a point of attachment, or by hydration, change of pH,
or change of osmolality of the device/catheter interface.

In the method of the invention, energy deposition 1n situ
could be achieved by the use of lasers and/or optical fibers
to deliver energy to the tip of the catheter or hollow
wire/tube for the 1nitiation of polymerization, device release,
and/or thrombogenesis. Fiber optic transmission within the
catheter may also allow for the use of optical reflectometry
to provide energy deposition. In the method of the present
invention, the ability to administer pharmacologic agents 1s
achieved by surface or lumen-coating technology such as
that described 1n U.S. Pat. No. 5,470,307 to Lindall, which
discloses a low-profile catheter system with an exposed
coating containing a therapeutic drug agent, which can be
selectively released at a remote tissue site by activation of a
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photosensitive chemical linker. The linker 1s attached to the
substrate via a complementary chemical group, which 1is
coniigured to accept a complementary bond to the therapeu-
fic drug agent. The drug agent 1s 1n turn bonded to a
molecular lattice to accommodate a high molecular concen-
fration per unit area and the inclusion of ancillary com-
pounds such as markers or secondary emitters. A preferred
method 1s the device described in U.S. patent application
Ser. No. 08/857,043, filed on May 15, 1997 1n the names of
J. Kucharczyk and M. Moseley. This device allows for the
use of multiple lumens and ports 1n a catheter type delivery
device.

When treating a wide-neck (mouth) aneurysm, a double-
lumen non-detachable balloon 1s placed over the mouth of
aneurysm to five the parachute a surface against which to
expand. The balloons come i1n various sizes, and measure
from 2 to 5 mm 1n diameter. They are from 0.5 to 3.0 cm 1n
length, inflate within 2 seconds, deflate within 5 seconds,
and are attached to catheters of 150 cm 1n length.

The microcatheter 1s standard to the industry. It 1s 150 cm
in length, 2.5 French or slightly less outer diameter, 0.53 mm
inner diameter, reinforced body, with the distal 15 cm being
extremely flexible. A hydrophilic coating 1s present on the
cuidewires, on the internal external surfaces of the catheters,
and on the outside of the balloon. A coating resistant to the
polymer 1s applied to the end of the hollow wire/tube and to
the tip of the microcatheter if the parachute i1s attached
directly to 1t. This allows detachment of the polymer-filled
parachute without the hollow wire/tube or microcatheter
being grasped by the polymer.

Preferred Design Criteria for the Microcatheter/Parachute
System

a) deliverable via 2.5 French (Fr) catheter

b) radiopaque

¢) reflux or leakage of parachute filler back into artery
must be avoided

d) decompression of the blood within the aneurysm while
expanding the parachute 1s necessary to prevent aneu-
rysmal rupture. This 1s accomplished by slow parachute
filling, allowing blood to escape from the aneurysm.
Occlusion of wide-neck aneurysms requires a non-
detachable balloon over the majority of the mouth of
the aneurysm, but a space must be left for the egress of
blood during parachute filling. If the pre-occlusion
MRI had shown the presence of intraluminal clot,
expansion of the parachute would have to be performed
with great caution for fear of embolization of that clot
to distal vessels.

¢) result must allow for invasion of tissue

f) delivery device must be able to navigate tortuous
vessels

g) the device must isolate the entire ancurysm from the
circulation

h) the potential for future rupture of the aneurysm must be
minimized by completely filling the aneurysm with the
polymer-filled parachute

1) the device must not intrude on the parent vessel; elastic
ties will 1insure that the ends of the parachute do not
protrude 1nto the parent vessel. If a wide neck allows
the parachute to protrude mto the parent vessel, poly-
merization will have to take place while a non-
detachable balloon 1s 1n place, and

1) if temporary occlusion of the parent vessel is required,
perfusion of the patient’s blood, or a blood substitute,
1s performed through the central lumen of he double-
lumen non-detachable balloon catheter.
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Further Description of the Parachute

a) the combination of polymerization of the filler and the
clastic ties to hold the ends of the parachute within the
aneurysm may be improved upon by a valve or other

stronger sealing mechanism.

b) some aneurysms have some clot in the distal sack,
which must not be allowed to escape from the aneu-
rysm during parachute inilation.

This clot should be recognized and addressed on pre-

occlusion MRI.

In accordance with the present invention, in order to have
the parachute device expand to a diameter greater than the
predetermined diameter, the device 1s provided with a bualt-
in elastic memory. This built-in elastic memory 1s achieved
by utilizing a plastic such as a polymer that has a molecular
transition incorporated in the same. The polymeric material
1s biocompatible. The polymeric material 1s composed in
such a manner so that the achieved built-in memory can be
activated upon subjecting the device to certain factors as
hereinafter explained, which may include adsorption of heat
by the plastic, adsorption of liquid by the plastic and a
change 1 the pH in the liquid in which the plastic is
disposed. In order to make 1t responsive to the adsorption of
a liquid, 1t 1s desirable that the polymeric material possesses
a range of hydrophilicities ranging from O to 50 percent and
preferably from O to 30 percent. As 1s understood 1n the
polymer art, polymers may comprise segments of different
properties within the polymer chain. The different segments
may be provided as a natural result of random
polymerization, graft copolymerization, block
copolymerization, and other polymeric techniques which
combine properties within a polymer or polymer network (as
by intermolecular networking polymers). The molecular
transitions which can be incorporated 1n the device can be 1n
the form of thermal transitions, as for example a crystal
melting point between -50° C. and +100° C. of the polymer
main chain, and a melting point of between -50° C. and
+100° C. of a side chain of the polymer capable of
crystallizing, a glass transition temperature between —50° C.
and +100° C. and a liquid-crystal phase temperature transi-
tion between -50° C. and +100° C. The molecular transi-
tions can also 1nclude a local mode molecular transition also
accessed by heat.

In accordance with the present invention, various formu-
lations can be utilized for preparing a polymeric material
that can be utilized for achieving built-in elastic memories in
the device of the present invention. The types of formula-
tions that can be used are set forth 1in the examples below.

Once the parachute device has been positioned in the
lumen of the aneurysm, heat can be applied 1n order to cause
the parachute device to assume the greater diameter 1n its
memory. Thermal activation of the memory of the device
can be achieved by introducing a gas or liquid, preferably a
liquid because of 1ts greater heat transfer capabilities, to the
microcatheter lumen 1n the flexible element 6 and introduc-
ing the same 1nto the parachute 12 to inflate the parachute
14. The heated liquid 1n the parachute will cause heat to be
rapidly transferred to the parachute device to raise the
temperature of the device until the temperature reaches the
olass transition temperature allowing the parachute to return
to 1ts recovery diameter. This recovery 1s facilitated by the
expansion of the parachute 14 that applies outwardly extend-
ing forces to the internal diameter of the aneurysm. It should
be appreciated that to stop the flow of a liquid, such as blood,
through a passage, 1t 1s merely necessary that the liquid be
removed from the parachute 14 and the parachute 14 be
deflated, and thereafter again reinflated until the parachute
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device Las expanded to firmly engage the walls of the
aneurysm so that it will be frictionally retained therein.

In the method of the 1nvention, the recovery diameter in
the memory of the aneurysm occlusion device can also be
achieved by permitting the parachute to adsorb water from
a body fluid, as for example, from the blood 1n an aneurysm.
The device can also assume its recovery diameter by being
subjected to the pH level of the liquid in which the device
1s disposed. According to the method of the invention, the
return to the recovery diameter can also be aided by outward
pressures of a liquid or other material within the parachute.
Alternatively, infrared, microwave or radiofrequency
sources as well as resistive heating can be utilized for
supplying such external heat to the parachute.

In order to enhance 1ngrowth of intima and endothelial
vessel tissue mto the aneurysm, the parachute device can be
made of a porous material to enhance compatibility of the
device with the vessel. Examples of stents made of such
materials are set forth in patents cited above relating to
stents.

The porosity of the wall of the device again permits the
ingrowth of intimal endothelial tissue to enhance compat-
ibility of the device with the vessel. Thus 1t can be seen that
device of the present invention can be formed so as to
enhance the ingrowth of intimal endothelial tissue which
helps to ensure that the device will remain 1 the desired
location within the aneurysm and will not move about 1n the
vessel. Such endothelial vessel tissue growth should occur
within approximately four weeks after insertion into the
aneurysm.

In addition, devices of the present invention can be
formulated so as to be able to carry a drug agent, such as
thrombolytic agents, growth factors and slow-release medi-
cations. Also, controlled release drug administration can be
provided by utilizing the material of the device as an inert
polymeric drug carrier. For example, the drug may be
incorporated 1n a controlled release system as a dispersion in
a matrix. The matrix can be formed with a dispersion of
uniform drug particles in the biocompatible polymeric mate-
rials of the type hereinbefore described 1n connection with
the device of the present mvention.

From the foregoing it can be seen that there has been
provided an aneurysm occlusion device incorporating the
present mvention and an apparatus and method for use
therewith which has numerous advantages. The device has
low protein absorption and 1s thus biocompatible. The
device can be provided with a desired hydrophilicity to
improve 1ts compatibility with the vessel. The device can be
made with a desired stifiness so as to match the compliance
of the vessel. Because of its built-in memory, the device
need not be physically constrained prior to use to prevent
premature recovery. The device can be made porous to
facilitate the ingrowth of intimal and endothelial cells. The
device can be formulated and/or treated so as to carry
medical agents that remain with the stent.

In general, the polymer compositions can be containing,
one or more of the following: acrylic acid, methacrylic acid,
esters of acrylic acid and methacrylic acid and combinations
thereof. Such compositions can also be provided which
contain acrylic acid, methacrylic acid, esters of acrylic acid
and methacrylic acid with N-vinyl pyrrolidone. Composi-
fions can also be provided containing copolymers of ethyl-
ene oxide and vinyl monomers and other compositions that
contain acrylamide esters. Other compositions can contain
acrylic acid, methacrylic acid, acrylic esters, methacrylic
esters, vinyl pyrrolidone and acrylamide esters. These com-
positions can contain copolymers of vinyl pyrrolidone and
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monomers and alternatively copolymers of maleic anhy-
dride. Compositions also can be provided containing blends
of polymers such as polyethylene oxide, polyoctenylene,
polyethylene, polysiloxanes, nylons and polyesters. Other
compositions can contain polymers and plasticizers.

Actual processes of the invention may be practiced as
follows: For a narrow-neck aneurysm, the aneurysm 1is first
catheterized by standard techniques using microcatheters
and standard microguidewire systems. The standard micro-
cuidewire 1s then removed, and the parachute device
attached to the hollow wire or hollow tube 1s guided 1nto the
ancurysm. The parachute 1s tightly wrapped into an unex-
panded position. The parachute 1s slowly expanded within
the aneurysm, e.g., by using a filler solution (as described
herein, with polymerizing fluids, if needed) or by first
providing a saline solution through the hollow wire. The
expanding solution, 1f 1t 1s a saline solution, 1s then displaced
by a filler composition, preferably a radiopaque filler com-
position that polymerizes over time. The infusion will be
controlled by amounts determined or predetermined neces-
sary to fill the volume of the aneurysm. A test 1s performed
(e.g., by angiogram) to assure complete aneurysm occlusion.
The parachute 1s then released from the hollow wire and the
hollow wire/tube and microcatheter are removed.

In the process of treating a wide-neck aneurysm, the
process 1s essentially 1dentical through the step of expanding
the parachute within the aneurysm. In this case, however, an
alternative procedure 1s available of providing a non-
detachable balloon catheter (NDBC) across the mouth of the
aneurysm and inflating the balloon. The patient’s blood or 1ts
equivalent 1s infused through the NDBC. The filler (e.g.,
polymer) is infused into the parachute, and then the process
1s confinued as with the narrow-neck aneurysm where the
infusion of the parachute filler (e.g., plus polymerizable
material, if needed) is effected.

Alternative Methods of Practicing the Art of the Invention

(1) The aneurysm may be filled with a mechanically
detachable compliant radiopaque and MR visible hydrogel
occlusion device. The device should have a helix-like con-
figuration to maximize surface area for thrombogenesis;
should be very soft and compliant; available 1n a variety of
sizes, lengths and shapes; easily deliverable through cath-
eters with 1nternal diameters of 0.025-0.053 cm; radio-
opaque to x-rays and MR-visible; thrombogenic; contain
chemical agents to stimulate thrombus formation, and the
ingrowth of collagen and endothelium; and, should easily
conform to the aneurysm lumen without exerting high lateral
stresses which might cause rupture. In the case of an
hydrogel device, the presumed mechanism of detachment
activation 1s hydration of the hydrogel/catheter interface.
However, detachment activation could also be effected by
thermal exchange coupling or transduction, or by pH or
osmolality changes. Between 4—8 coils might be needed per
ancurysm treated, depending upon the size of the aneurysm
and the sizes of hydrogel coils selected.

(2) Hydrogel-based particulate emboli, 150—-1000 micron
in diameter, with a hollow core which contains porous
hydrogels or degradable polymers with slow release mac-
romolecules which act as biologic modifiers. The macro-
molecules would 1deally be MRI visible and act as anti-
thrombolysis agents to prevent recanalization of the
ancurysm lumen. Peptide molecules could also be used to
induce fibroblast and/or endothelial growth. Pre-clinical
thrombogenicity tests would evaluate the adsorption of
proteins, response ol blood cells, and activation of blood
clotting mechanisms.

(3) The aneurysm occlusion device could be constructed
of cylindrical components formed of a plastic material. The
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device would have a predetermined diameter and memory of
first- second- and third-order diameters. The memory plastic
would assume the greater diameter 1n its memory upon
occurrence of one or more of the following conditions:

(a) adsorption of heat by the plastic;

(b) adsorption of liquid by the plastic; and

(¢) a change in pH in the liquid in contact with the plastic.

In the delivery apparatus and method of the imvention, a
microcatheter 1s utilized for delivering the parachute device
to the desired cerebrovascular location. A balloon attached
to a smaller microcatheter, both within the larger
microcatheter, may help to inflate the parachute. When the
balloon and the parachute device thereon has been delivered
to the desired site, the balloon can be inflated to help expand
the parachute when the parachute 1s subjected to certain
factors and conditions. Thereafter the balloon 1s deflated and
the balloon catheter 1s removed leaving the parachute device
in place. The device 1s caused to assume the greater diameter
of 1ts memory by the adsorption of heat by the plastic, the
adsorption of liquid by the plastic, or a change 1n the pH 1n
the liquid surrounding the plastic.

(4) The parachute device may be in the form of a generally
cylindrical tubular member made of polymeric resin or
composite material. The member 1s provided with a cylin-
drical wall that forms a flow passage or lumen extending
therethrough. The ends of the member are closed to provide
chambers. It should be appreciated that although the cylin-
drical wall has been described as continuous, 1t can be
discontinuous as desired. For example, the wall can be 1n the
form of a helix in which the device in the form of a
cylindrical member formed by turns or loops, as with a
spring, with a lumen extending therethrough and with cham-
bers or end portions provided. It should be appreciated that
other constructions can be utilized, as for example one
having a perforated wall with openings or holes of various
sizes therein.

The member may be formed of a plastic material and has
a predetermined diameter. The material 1s of a type that has
a built-in elastic memory of a diameter greater than the
predetermined diameter. The size, diameter and length of the
device 1s tailored to the aneurysm for which the device 1s to
be utilized. For example, for aneurysms 0.5 to 10.0 mm 1in
diameter, the device can have an unextended length ranging
from about 0.3 or 0.4 mm to about 8 or 9 mm. (with the
extended length being from 1.4 to 10 times, preferably from
about 1.5 to 4 or 5 times the unextended length). The
member can have a diameter ranging, for example, from
about 0.02 or 0.05 or 0.1 mm. to about 8.0 or 9.0 mm. with
a wall thickness ranging from about 2 to about 500 or 1000
microns. To facilitate 1ts introduction i1nto a vessel, the
diameter of the device 1s reduced by a suitable amount, as for
example 10 to 30 percent. However, 1t should be appreciated
that, 1f desired, the reduction can be sufficiently great so that
when the device returns to 1ts original expanded state it
could have expanded by 400 to 500 percent (or more) from
its predetermined diameter.

(5) The device of the present invention can be inflated by
a balloon inserted into the parachute device. For example,
the delivery site can be an arterial vessel 1n the neck that 1s
provided with a flow passage therein. A guiding catheter of
a conventional type can be introduced into the patient
through the femoral artery and advanced into a position
adjacent to the site of the aneurysm. In the method of the
invention a variety of balloon catheters of a conventional
type can be utilized. As 1s well known to those skilled 1n the
art, the balloon catheter 1s provided with a flexible elongated
clement which has a balloon inflation lumen disposed
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therein which 1s in communication with a balloon mounted
on the distal extremity of the flexible elongated element. The
balloon catheter 1s also provided with a guidewire that can
be of a fixed type or a movable guidewire of types well
known to those skilled 1n the art. With the balloon catheter
outside of the patient’s body, the balloon 1s deflated and a
parachute aneurysm occlusion device of the type hereinbe-
fore described 1s slid over the deflated balloon so that it 1s

frictionally engaged by the balloon. The balloon catheter
with the parachute device thereon (including attachment to
a microcatheter) is then introduced into the guiding catheter
that has already been positioned in the patient’s body for the
endovascular procedure. The balloon catheter 1s advanced in
the conventional manner so that 1t 1s advanced into the
aneurysm lumen. Radiopaque elements typically are carried
by the balloon catheter 1n the vicinity of the balloon to
facilitate locating the lumen of the balloon catheter as it 1s
advanced 1n the vessel of the patient. The balloon with the
device 1s moved 1nto the arterial passage so that it 1s lodged
within the aneurysm lumen. The balloon 1s inflated 1n order
to expand the parachute device. The balloon 1s not inflated
to the full size of the aneurysm. The balloon and its attached
catheter are then removed from the microcatheter containing
the parachute, and the parachute i1s filled with a liquid
material (e.g., the liquid hardenable material such as the
liquid hardenable or polymerizable material) that will
harden over a relatively short period of time (within a few
minutes, preferably less than one minute, and most prefer-
ably in less than 30 seconds). The parachute device is then
detached from the hollow tube/wire or microcatheter and left
within the aneurysm.

Thus, since the invention disclosed herein may be embod-
ied 1n other specific forms without departing from the spirit
or general characteristics thereof, some of which forms have
been 1indicated, the embodiments described herein are to be
considered 1n all respects illustrative and not restrictive. The
scope of the imvention 1s to be indicated by the broadest
interpretation of the appended claims, rather than being
limited to the embodiments shown and discussed in the
foregoing description, and all changes which come within
the meaning and range of equivalency of the claims are
intended to be embraced therein.

What 1s claimed 1s:

1. An 1image guidance system for the treatment or throm-
botic occlusion of aneurysms in the human cerebrovascular
system under either x-ray Hluoroscopy or magnetic reso-
nance 1imaging guidance, said system comprising:

(a) a magnetic resonance-visible or X-ray visible aneu-
rysm occlusion instrument, wherein said instrument
comprises 1) a at least one elongate element selected
from the group consisting of a guidewire and a
microcatheter, 11) a hollow wire or hollow tube, and iii)
an expansile parachute device temporarily attached to
an open end of said hollow wire or hollow tube;

(b) at least one 1maging system selected from the group
consisting of x-ray fluoroscopy or magnetic resonance
imaging which 1s capable of detecting the position and
orientation of said aneurysm occlusion instrument
within the human cerebrovascular system;

(¢) an 1mage display means for acquiring a medically
diagnostic 1mage of a region of interest from said at
least one 1maging system seclected from the group
consisting of x-ray fluoroscopy or magnetic resonance
imaging; and

(d) a source of hardenable liquid.

2. The system of claim 1 wherein said expansile parachute

device comprises a magnetic resonance imaging-visible
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parachute device having a plurality of elongated filamentary
loops made of an expansile material.

3. The system of claim 1 wherein at least some surfaces
of the instrument are 1mpregnated with a magnetic
resonance-visible material which enables continuous mag-
netic resonance visualization of the instrument when viewed

with magnetic resonance 1imaging systems.

4. The system of claim 1 wherein said magnetic
resonance-visible aneurysm occlusion mstrument consists of
at least one component selected from the group consisting of
1) hydrogel or polymer coil, i1) stent components, and (1ii)
memory metals.

5. The system of claim 1 wherein said magnetic
resonance-visible aneurysm occlusion instrument has a
helix-like configuration.

6. The system of claim 1 wherein said magnetic
resonance-visible aneurysm occlusion instrument 1s impreg-
nated with a magnetic resonance-visible contrast material.

7. The system of claim 1 wherein the aneurysm occlusion
Instrument comprises a memory metal or polymeric material
having an initial built-in elastic predetermined diameter,
which 1s less than the diameter of a lumen 1n a blood vessel
within the brain of a human, so that the instrument can be
inserted 1nto the lumen of said vessel, said memory metal or
polymeric material also being characterized in that 1t waill
assume a greater diameter and move 1nto engagement with
the wall of the vessel upon activation of a property of said
polymeric material which causes the polymeric material to
expand.

8. The system of claim 1 wherein said expansile parachute
device 1s detachably connected to said microcatheter or
cuidewire and detachment of the expansile parachute device
from said microcatheter or guidewire can be achieved by at
least one process selected from the group consisting of
mechanical decoupling, hydration of the instrument/
microcatheter interface, thermal exchange coupling,
transduction, memory change, pH change, or osmolality
change.

9. The system of claim 8 wherein detachment occlusion
instrument can be achieved by attaimning one or more of:

(a) a thermal softening of a physical adherent between
said mstrument and said catheter or guidewire;

(b) a melting point of the a portion of the polymer chain;
(¢) a glass transition temperature; and

(d) a crystal phase transition.

10. A process for the treatment of aneurysms 1n the human
cerebrovascular system under magnetic resonance 1maging
or X-ray Hluoroscopy, said process comprising the steps of:

(a) determining the volume of an aneurysm in the cere-
brovascular system and selecting a parachute system of
a size and configuration appropriate to the volume of
the aneurysm;

(b) catheterizing the aneurysm with a microcatheter;

(¢c) removing the microcatheter and replacing it with a
hollow device having an attached parachute system
selected in accordance with step a);

(d) injecting a liquid to partially enlarge or expand the
parachute;

(¢) injecting a hardenable liquid to fill the parachute
within the confines of the aneurysm,;

(f) verify isolation of the aneurysm from its parent blood
vessel with 1imaging techniques selected from the group
consisting of magnetic resonance 1maging or X-ray
fluoroscopy;

10

15

20

25

30

35

40

45

50

55

60

65

26

(g) detach the parachute from the hollow device, leaving
the parachute in the aneurysm; and

(h) remove the hollow device.
11. The process of claim 10 wherein said hollow device
with attached parachute comprises:

(a) an MR-visible aneurysm occlusion instrument,
wherein said instrument comprises a guidewire, a
catheter, a balloon, and an expansive parachute device;
and

performing a beneficial procedure upon said thrombotic
occlusion 1n the cerebrovascular system with said device.

12. The process of claim 11 wherein said beneficial
procedure comprises inflating a balloon and having a surface
of said balloon positioned against an interior surface of the
parachute within the aneurysm.

13. The process of claim 11 for treating intracranial and
extracranial circulatory regions wherein imstruments used in
the process

wherein the parachute system 1s selected such that the
parachute has a fluid conductive opening to said micro-
catheter.

14. The process of claim 13 wherein said microcatheter
and said parachute are of dimensions small enough to pass
through a central opening in a catheter.

15. The process of claim 14 wherein said catheter has an
inside diameter of less than 2 millimeters and said micro-
catheter has an outside diameter of from 0.2 to 0.75 mm.

16. The process of claim 15 wherein said parachute has a
diameter of less then 1.0 mm when 1n a fully retracted
condition.

17. The process of claim 15 wherein said parachute has a
diameter of less then 0.50 mm when 1n a fully retracted
condition.

18. The process of claim 17 wherein said parachute has a
diameter of greater than 2 mm and less than 5 cm when fully
extended.

19. A process for treatment of a wide-neck aneurysm with
imaging to monitor progress of delivery of a microcatheter
device to a site of an aneurysm by x-ray fluoroscopy or
magnetic resonance 1maging, the process comprising:

inserting a microcatheter with a parachute attachment into
an aneurysm having an opening into a parent vessel,

inserting a hollow catheter with a balloon element 1nto the
parent vessel while imaging the site of the aneurysm by
x-ray fluoroscopy or magnetic resonance 1maging,

inflating the balloon to at least partially occlude the
opening to the aneurysm,

deploying the parachute attachment from the microcath-
cter by the injection of a hardenable liquid into the
parachute, and

after the parachute has been deployed against interior
surfaces of the aneurysm, detaching the parachute from
the microcatheter; and

detaching the balloon and removing i1t from a parent

vessel for the aneurysm.

20. The process of claam 19 wherein after the hardenable
material has at least partially hardened, the balloon 1is
deflated and the hollow catheter removed, and the parachute
detached from the microcatheter and left in place to occlude
the aneurysm.

21. The process of claim 19 wherein high-speed magnetic
resonance 1imaging 1s the 1maging used to monitor progress
of delivery of the device to a site of an ancurysm.
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22. The process of claim 19 wherein high-speed magnetic
resonance imaging 1s used to assist 1n real time repositioning
or removal of at least a portion of said device.

23. The process of claim 19 in which said process 1s used
to treat hemodynamically significant aneurysms by inducing
thrombus formation, collagen formation, fibroblast growth
and endothelial ingrowth within the aneurysm by delivery of
biologic modifier drugs.

24. The process of claim 19 in which said process 1s used
to treat mftracranial aneurysms.

23

25. The process of claim 24 wheremn said intracranial

ancurysms are selected from the group consisting of ancu-
rysms of the basilar, middle cerebral, anterior cerebral and

posterior cerebral arteries.

26. The process of claim 19 wherein said process also
includes at least one step comprised of administering local
pharmacologic therapies.
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